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Abstract

An experimental investigation was performed in the Langley

16-Foot Transonic Tunnel to determine the e�ects of external and in-

ternal 
ap rippling on the aerodynamics of a nonaxisymmetric noz-

zle. Data were obtained at several Mach numbers from static conditions

to 1.2 over a range of nozzle pressure ratios. Nozzles with chordal boat-

tail angles of 10�, 20�, and 30�, with and without surface rippling, were

tested. No e�ect on discharge coe�cient due to surface rippling was

observed. Internal thrust losses due to surface rippling were measured

and attributed to a combination of additional internal skin friction and

shock losses. External nozzle drag for the baseline con�gurations were

generally less than that for the rippled con�gurations at all free-stream

Mach numbers tested. The di�erence between the baseline and rippled

nozzle drag levels generally increased with increasing boattail angle. The

thrust-minus-drag level for each rippled nozzle con�guration was less

than the equivalent baseline con�guration for each Mach number at the

design nozzle pressure ratio.

Introduction

Nonaxisymmetric nozzles have shown potential
for improving aircraft performance and the proper
design of these nozzles is crucial to e�cient and ef-
fective aircraft operation (ref. 1). Flight at subsonic
and low supersonic speeds can require the nozzle to
have a large external closure and boattail angle due
to the geometry changes in expansion ratio required
for e�cient operation across this range. Additionally,
nozzle systems should be kept as compact as possi-
ble to minimize the weight added to the aircraft. The
large aft closure can result in 
ow separation and ex-

cessive drag on the nozzle because external boundary
layers are often unable to withstand the adverse pres-
sure gradients in the 
ow over the nozzles. Nozzle
design thus remains a trade-o� between the higher
weight and lower drag of favorable performance con-
tours against the lower weight and higher drag of
shorter nozzles.

Lobed axisymmetric structures have been used
for some time in heat exchangers, transport aircraft
engine fan and core 
ow mixers, and combustors.
An axisymmetric mixer and two-dimensional (2-D)
concept are shown below.

Fan 

Core

Forced mixer in a turbofan engine application. Rippled afterbody 
ow schematic f from reference 2.



Researchers at United Technologies Research
Center (UTRC) and Western New England College
(WNEC) have designed an alternative shaping of
an afterbody that uses a two-dimensional or non-
axisymmetric version of the convoluted (rippled or
lobed) trailing edge to create a more favorable pres-
sure �eld for portions of the external boundary layer
(ref. 2). Lobe structures were found to delay the
onset of 
ow separation for boattail angles beyond
those which would normally have some 
ow sepa-
ration. The lobes produce transverse pressure gra-
dients that generate secondary cross 
ows over the
nozzle surface. These cross 
ows provide some pres-
sure relief to the boundary layer in the adverse pres-
sure gradient region approaching the nozzle trailing
edge and thereby delay 
ow separation and reduce
nozzle drag. The UTRC{WNEC investigation of the
rippled nozzle was conducted in a water tunnel by us-
ing two streams with a velocity ratio of 3 and a test
section Reynolds number of approximately 0:5� 106

per foot.

The current investigation examines the merits of
the lobe concept as applied to a nozzle geometry
in an air (i.e., compressible) medium 
owing at a
higher Reynolds number than that of the water tun-
nel test. A rippled trailing-edge concept was applied
to a nonaxisymmetric nozzle design and tested on
a single-engine propulsion-simulation model in the
Langley 16-Foot Transonic Tunnel. Internal and ex-
ternal static pressure data and isolated nozzle per-
formance characteristics are presented for six nozzle
con�gurations: three unrippled or baseline nozzles
and three rippled nozzles. Data were obtained for
nozzle chordal boattail angles of 10�, 20�, and 30�

for several free-stream Mach numbers, nozzle pres-
sure ratio settings, and model angles of attack.

Symbols

All forces and moments are referred to the model
centerline (body axis). Reference 3 contains a discus-
sion of the data reduction procedure and de�nitions
of the force and moment terms and the propulsion
relationships.

ARp primary lobe aspect ratio, HL=Wp at
exit

ARs secondary lobe aspect ratio, HL=Ws at
exit

Ae nozzle-exit area, cm2

Am maximum cross-sectional area of

model, cm2

Aseal cross-sectional area enclosed by seal

strip at station 67.31, cm2

At nozzle-throat area, cm2

a(x0) horizontal axis variable of superellipse
geometry

an constants used in evaluating a(x0)

b(x0) vertical axis variable of superellipse
geometry

bn constants used in evaluating b(x0)

c local chord length, cm

C coe�cient form of quantity

Cp;n nozzle pressure coe�cient,
(p� p1) =q1

Df external skin-friction drag, measured
from metric break (station 67.31) to
nozzle connect (station 139.83), N

Dn nozzle drag, Pressure drag + Friction
drag, N

fract secondary lobe geometry parameter

F gross thrust along body axis, N

F �D thrust minus drag, N

FA;mom momentum tare axial force due to
bellows, N

Fbal axial force measured by balance, N

Fi ideal isentropic gross thrust along
body axis, N

Hd height of duct, cm

HL height of lobe, cm

Hp height of primary lobe, cm

Hs height of secondary lobe, cm

Hsp height of splitter, cm

l length from nozzle-connect station to
nozzle-exit station, cm

M free-stream Mach number

Np number of primary lobes

Ns number of secondary lobes

NPR nozzle pressure ratio, pt;j=p1

p local static pressure, Pa

pES average external static pressure at
external seal at the metric break
(station 67.31), Pa

pi average internal static pressure, Pa
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PL lobe penetration, HL=Hd

pt;j jet total pressure, Pa

q dynamic pressure, Pa

R gas constant (
 = 1.4), 287.3 J/kg-K

Rc radius of corner at nozzle connect
station, cm

Rext radius of closure on external
boattail, cm

Rp radius of primary lobe, cm

Rs radius of secondary lobe, cm

Rt:e: radius of corner at nozzle trailing
edge, cm

r0(x0) radius function of superellipse
geometry

rc nozzle circular-arc throat radius, cm

tf trailing-edge thickness of nozzle

ap, cm

ts trailing-edge thickness of nozzle
sidewall, cm

Tt;j jet total temperature, K

wi ideal mass-
ow rate, kg
sec

wp measured mass-
ow rate, kg
sec

Wd width of duct, cm

Wp width of primary lobe, cm

Ws width of secondary lobe, cm

x axial distance measured from noz-
zle connect station, positive down-
stream, cm

x0 axial distance measured from apex of
model nose, positive downstream, cm

y lateral ordinate measured from center
of model, cm

y0(x0) lateral distance from model centerline,
positive up, cm

z vertical ordinate, cm

z0(x0) vertical distance from model
centerline, positive to right looking
upstream, cm

� model angle of attack, deg

�c nozzle chord boattail angle measured
in x-z plane, deg


 ratio of speci�c heats, 1.4 for air

� nozzle expansion ratio, Ae=At

�(x0) exponent of superellipse equation

Abbreviations:

C-D convergent divergent

MS model station

UTRC United Technologies Research Center

1-D one dimensional

2-D two dimensional

WNEC Western New England College

Subscripts:

e ordinates at nozzle trailing-edge
station, cm

t:p: ordinates at external circular-arc
tangent point, cm

t ordinates at nozzle internal throat
station, cm

0 center of external circular-arc
radius, cm

1 free-stream conditions

F �D thrust-minus-afterbody drag force
measured by model balance, N

F �Dn thrust-minus-nozzle drag force, N

D afterbody drag force, N

D; n total nozzle drag force, N

D;nf nozzle external skin-friction drag
force, N

F; i ideal thrust force, N

p; n nozzle external static pressure, N

Experimental Apparatus and Procedures

Wind Tunnel

The single-engine propulsion-simulation model
was tested in the Langley 16-Foot Transonic Tun-
nel. The tunnel is an atmospheric transonic single-
return type with continuous air exchange and is ca-
pable of operation at Mach numbers from 0.2 to 1.3
with an accuracy of �0:005. The average Reynolds
number varies from approximately 4.5 � 106 per me-
ter (1:5� 166 per foot) at a free-stream Mach num-
ber of 0.2 to approximately 12:0 � 106 per meter
(4:0 � 106 per foot) at a free-stream Mach number
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of 1.3. The test section is octagonal and slotted at
the vertices and has an equivalent circular diameter
of 4.85 m (15.9 ft). A detailed description of the
tunnel is presented in references 4 and 5.

Propulsion Simulation System

Single-Engine Propulsion-Simulation System

Figure 1 is a sketch of the single-engine
propulsion-simulation system with a baseline two-
dimensional convergent-divergent (2-D C-D) nozzle
installed. The single-engine model was supported in
the tunnel by a sting-strut support system, and part
of the support system is shown in �gure 1. The model
was composed of �ve sections: a nose-forebody with
a high-pressure plenum, a low-pressure plenum, an
instrumentation section, a transition section, and a
nozzle. The following table gives the model station
location of each model section:

Model section Length, cm Model station, cm

Nose-forebody 67.31 0 to 67.31

Low-pressure plenum 36.70 67.31 to 104.01

Instrumentation 18.93 104.01 to 122.94

Transition 16.89 122.94 to 139.83

Nozzle (20�) 27.93 139.83 to 168.76

The nose-forebody was attached to the top of the
strut. The forebody cross-sectional shape transitions
from circular at the nose to rectangular with circular-
arc corners at the metric break through a series
of superelliptic curves. Geometric details of the
forebody are presented in �gures 2(a) and 2(b). The
external centerbody of the model from station 67.31
to 139.83 was essentially rectangular in cross section
and had a constant width and height of 8.636 cm
and 7.874 cm, respectively. All sections of the model
downstream of station 67.31 were attached to a six-
component strain-gage balance. A 
exible te
on
seal in a circumferentially machined groove located
between the nose-forebody section and low-pressure
plenum minimized 
ow into or out of the internal
cavity.

An external high-pressure air system provided
a continuous 
ow of clean, dry air maintained at
a temperature of �295 K. The air pressure in the
instrumentation section varied up to about 83.0 kPa
(�8 atm) at a mass-
ow rate of up to 5.5 kg/sec.
The pressurized air was transferred from the supply
source to the simulator by six air lines that run
through the support strut that connect to a high-
pressure plenum chamber. As shown in �gure 1,

the air was then discharged perpendicularly into the
model low-pressure plenum through eight multiholed
sonic nozzles equally spaced around the high-pressure
plenum. The high-pressure plenum was separate
from the metric portion of the model. The low-
pressure plenum was attached to the balance. This
design attempts to minimize any forces generated
by the air transferring from the nonmetric to the
metric portions of the model. Two 
exible metal
bellows were used as seals between the metric and
nonmetric portions of the model and compensated
for axial forces caused from pressurization.

The air was then passed through a circular choke
plate into an instrumentation section where the av-
erage total pressure and total temperature of the air
was measured. The choke plate consisted of circu-
lar cross-section perforations distributed about the
face of the plate with an open area of 24.858 cm2

and blocked 19.1 percent of the total duct cross-
sectional area at station 104.01. A transition section
downstream of the instrumentation section provided
a smooth transition from a circular cross-section duct
to a rectangular cross-section duct to match the rect-
angular nozzle entrance geometry. Geometric details
of the transition section are presented in �gure 2(c).
The same instrumentation section and choke plate
were used for all calibrations and nozzles tested. All
nozzles were attached to the transition section at
station 139.83.

Instrumentation

A six-component strain-gage balance was used to
measure the forces and moments on the metric por-
tion of the model. Ideal jet mass 
ow was determined
from the average measurements of 10 total-pressure
probes and 1 total-temperature probe downstream of
the choke plate and just upstream of station 122.94 in
the instrumentation section. The jet total pressures
were measured with individual transducers mounted
external to the model and support system. Actual
mass 
ow of the high-pressure air supplied to the
model was calculated from temperature and pressure
measurements taken in a calibrated choked venturi
system (ref. 6).

For each nozzle, external and internal static pres-
sures were measured with surface pressure taps. (See
�g. 3.) External ori�ces were arranged in rows along
an external lobe maximum height (hill) and a lobe
minimum height (valley) near the top centerline of
the model and along the center of the sidewall. Three
rows of ori�ces were similarly located internal to the
nozzle. These pressures were measured with individ-
ual transducers.
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Test Conditions

Data were obtained at free-stream Mach numbers
of 0, 0.6, 0.8, 0.9, 0.95, and 1.2 depending upon
Mach number with a jet NPR range from 0 (jet
o�) to a maximum of 15. All nozzles were tested
at an angle of attack of 0� and over a range of
angle-of-attack settings at selected Mach number and
NPR combinations. All tests were conducted with
a boundary-layer transition strip located 2.54 cm
downstream of the nose tip. The strip consisted of a
0.254-cm-wide sparse distribution of No. 100 silicon
carbide grit �xed by a thin �lm of lacquer.

Data Reduction

Fifty frames of data, taken at a rate of 10 frames/
sec, were averaged for each measured data parameter.
A frame of data is a single reading of all tunnel
and model instrumentation attached to the data
acquisition system. The average values were used
in subsequent calculations. Each of the six measured
balance components was corrected for model weight
tares, for balance component interactions, and for
jet-o� balance interactions resulting from the balance
installation.

Two Stratford choke calibration nozzles (refs. 6
and 7) with throat areas of 25.755 cm2 and
36.845 cm2 were used to calibrate the model 
ow
system. These nozzles have well-known performance
characteristics over the range of nozzle internal pres-
sures used in the facility. The calibration nozzle
throat areas bracketed the throat areas of the test
nozzles. Additional force corrections (tares) to the
system due to the pressurized air 
owing across the
bellows system are determined by measuring the per-
formance of the calibration nozzles over the range of
NPR expected during the test. The resulting tare
corrections were then applied to complete the correc-
tions of the six balance components. The procedure
for correcting balance measurements is documented
in reference 3.

Nozzle discharge coe�cient is the ratio of the
measured mass-
ow rate to ideal mass-
ow rate
(wp=wi). The ideal 
ow rate wi is determined by
measuring the nozzle throat area and the jet total
temperature and pressure in the instrumentation sec-
tion upstream of the nozzle connect station, as men-
tioned previously, and is computed from the following
equation:

wi =

r



R

�
2


 + 1

�

+1

2(
�1)At
pt;jp
Tt;j

The actual 
ow rate wp, which is determined
by using a multiple critical venturi system, is used
to determine the ideal thrust from the following
equation:

Fi =

s
2
R


 � 1
wp

vuutTt;j

"
1�

 
p1

pt;j

!

�1



#

The basic data used in evaluating the isolated
nozzle performance is thrust-minus-nozzle drag mea-
sured along the body axis of the model. At wind-on
conditions, this parameter was obtained from the fol-
lowing equation:

F �Dn = Fbal + (�pES � p1)(Am�Aseal)

+ (�pi � p1)Aseal+Df � FA;mom

The term Fbal includes all internal and external
forces on the balance. The second term represents
pressure force due to the forward seal at the metric
break station 76.31. The third term represents inte-
rior pressure forces. The term Df is the calculated
external skin-friction drag on the constant cross-
section part of the model from the metric break (sta-
tion 67.31) to the start of the nozzle (station 139.83).
The term FA;mom is the momentum tare correction
determined from the calibration nozzle tests previ-
ously discussed.

The attitude of the nonmetric forebody relative
to gravity was computed by a calibrated attitude
indicator in the nose of the model. The angle of
attack � was computed by correcting the model fore-
body attitude for centerbody de
ection, due to aero-
dynamic loads, and for an average tunnel up
ow
angle of 0:1�. The accuracy of the angle-of-attack
measurements was �0:02�. The accuracies of the
nondimensional force and pressures are 0.5 percent of
full scale. Parameter coe�cient accuracies represent-
ing 0.5-percent accuracy at full scale are as follows:

Parameter M = 0:6 M = 1:2

Pressure coe�cient �0:013 �0:006

Thrust-minus-drag ratio �0:016 �0:008

Nozzle Design

The baseline geometries were chosen from the
parametric nozzle study in reference 8. The parame-
ters describing the baseline nozzles are shown in �g-
ure 4. The geometries were 2-D C-D nozzles with a
circular-arc throat contour and 
at divergent 
aps.
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The external nozzle contour consisted of a combina-
tion of a circular-arc with a straight line tangent with
the arc.

The lobe cross-section methodology for the rip-
pled nozzles was obtained from UTRC, as described
in reference 2. Some terms used in the UTRC de-
scriptions for internal mixer nozzle designs were uti-
lized in this study, though the test media was dif-
ferent. The extruding (primary) lobes, normally
associated with a primary 
ow path, are part of the
internal nozzle jet stream. The inward penetrating
(secondary) lobes, normally associated with a sec-
ondary or ejector stream, are immersed in the exter-
nal free-stream air. A di�erence between these noz-
zles and typical mixer or ejector con�gurations was
the absence of an external shroud surrounding the
lobe structure.

The criteria chosen for the rippled nozzle design
are listed as follows:

1. The upper and lower 
aps at the trailing edge
were not permitted to intersect each other.

2. The exit area and area distribution of the primary

ow path of the rippled nozzle were the same as
the respective baseline nozzle.

3. The exit geometry remained identical for all rip-
pled nozzles. The actual length of the nozzle was
a result of the chordal boattail angle.

4. For this study, Hsp for the rippled nozzles was
chosen to be the same as the height of the baseline
nozzle trailing edge at the exit plane.

Though several choices of lobe penetration, lobe
widths, and aspect ratios satisfy these criteria, the
range of variation was limited when the rippled con-
cept was designed to resemble an isolated 2-D C-D
nozzle. Numerous combinations of these parame-
ters can create physically unrealizable con�gurations;
therefore, starting values for several of the parame-
ters were obtained from a design example in the ap-
pendix of reference 2. The �nal parameters are tab-
ulated in �gure 5. In this study 9 primary lobes were
used to approximate the 10-lobed model examined in
reference 2.

Figure 5(a) shows an upper half cross-sectional
view of the centerline of the 20� chord boattail rip-
pled nozzle. The external rippling was started at the
downstream circular-arc tangent point and the inter-
nal rippling was started at the location of the nozzle
throat. The external tangent point of the circular-
arc closure was designed to be coincident with the
internal axial throat location. The contours of each
baseline-rippled nozzle pair were identical upstream

of the nozzle throat location. The lobe height in-
creased linearly from zero at the throat to its max-
imum height at the nozzle exit plane. Straight lines
connect the trailing-edge contour with the upstream
originating points and form streamwise troughs with
parallel sides. A divergent internal channel occurred
at the sidewall because of the divergent sidewall ge-
ometry of the baseline con�guration. The external
shape was developed such that there were no for-
ward facing surfaces; that is, no surface normal vec-
tors were oriented in the upstream direction. It was
felt that any forward facing surface would excessively
increase nozzle pressure drag. The primary lobe was
chosen to be semicircular. The secondary lobe had
to be a combination of circular corners with a 
at
bottom section and was determined to some degree
by the primary lobe parameters. The trailing-edge
geometry is shown in �gures 5(b) and 5(c). The nu-
merical de�nition for the rippled nozzle exit geome-
try is given in �gure 5(c). Photographs of the nozzles
installed on the wind tunnel model are shown in �g-
ures 6(a) and 6(b). Oblique views of the 10� and 30�

nozzles are shown in �gures 6(c) and 6(d).

Discussion of Results

The results of this investigation are presented in
both tabular and graphical form. Internal and aero-
propulsive characteristics are tabulated for all con�g-
urations in tables 1 to 6, respectively. Surface pres-
sure data are tabulated in tables 7 to 18. Graphical
presentation of basic and summary data are pre-
sented as follows:

Figure
Nozzle internal static performance . . . . . . 7
Nozzle CD;n with NPR for 10� nozzles . . . . . 8
Nozzle CD;n with NPR for 20� nozzles . . . . . 9
Nozzle CD;n with NPR for 30� nozzles . . . . 10
Increment in nozzle CD;n due to nozzle
ripple contours . . . . . . . . . . . . . 11

(F �Dn)=Fi with NPR for 10� nozzles . . . 12
(F �Dn)=Fi with NPR for 20� nozzles . . . 13
(F �Dn)=Fi with NPR for 30� nozzles . . . 14
Summary of aeropropulsive performance . . . 15
Increment in installed performance due to
rippled contours . . . . . . . . . . . . 16

Internal p=pt;j distributions for baseline
nozzles . . . . . . . . . . . . . . . . 17

Internal p=pt;j distributions for rippled
nozzles . . . . . . . . . . . . . . . . 18

Baseline and rippled internal p=pt;j . . . . . 19
External Cp;n for 10� baseline nozzle . . . . 20
External Cp;n for 20� baseline nozzle . . . . 21
External Cp;n for 30� baseline nozzle . . . . 22
External Cp;n for 10� rippled nozzle . . . . . 23
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External Cp;n for 20
�
rippled nozzle . . . . . 24

External Cp;n for 30
�
rippled nozzle . . . . . 25

Baseline and rippled external Cp;n . . . . . 26

Isolated Nozzle Performance

Discharge Coe�cient

Basic data for evaluating the isolated performance

of the nozzles are presented in �gure 7. Discharge

coe�cient
wp

wi
, which was primarily in
uenced by the

geometry of the choke point in the nozzle, did not

change signi�cantly between the baseline and the

equivalent rippled con�guration for each of the three

boattail angles. Each of the baseline-rippled nozzle

pairs were expected to have similar mass-
ow char-

acteristics because the ripples for each set of nozzles

started downstream of the geometric throat. The

10
�
and 20

�
boattail con�gurations maintained a dis-

charge coe�cient close to 0.992, as shown in �g-

ures 7(a) and 7(b). The discharge coe�cient for the

30
�
boattail con�guration (�g. 7(c)) was 1 percent

below the level of the other two nozzles. The lower

discharge coe�cient of 0.982 was likely due to the

extremely rapid geometric contraction just upstream

of the throat that did not occur in the 10
�
or 20

�

boattail con�gurations.

Static Thrust Ratio

Comparisons of the static thrust ratio for each

of the baseline/rippled nozzle pairs show varying de-

grees of performance di�erences. The 10
�
boattail

rippled nozzle static thrust at the design NPR = 6.0

was 3.4 percent below the baseline nozzle. (See

�g. 7(a).) The 20
�
and 30

�
boattail rippled nozzle

static thrust levels were 1.2 percent and 2 percent,

respectively, below the equivalent baseline nozzle at

the design NPR. (See �gs. 7(b) and 7(c).) Increased

skin-friction drag due to added rippled nozzle surface

area was believed to be a major contributor to the

di�erences in nozzle static thrust. However, some ax-

ial thrust loss could occur due to inviscid secondary


ow losses as axial momentum is transferred to lat-

eral momentum by the air 
owing o� the ridges into

the valleys of the ripples.

The skin-friction contribution to the thrust loss

was estimated with laminar and turbulent boundary

layer theory for skin friction along a 
at plate (ref. 9).

The length of the plate was taken to be the same as

the distance from the nozzle throat to the nozzle exit

plane. An equivalent width of the plate was calcu-

lated by dividing the wetted internal area of each

nozzle by the length of the plate. An internal Mach

number distribution was calculated from a 1-D isen-

tropic 
ow solution determined from the nozzle inter-

nal area distribution from the throat to the exit. The

local Reynolds number determined from the input jet

total temperature, pressure, and local Mach num-

ber was used for the local skin-friction coe�cient.

Transition from a laminar to a turbulent boundary

layer was assumed to occur at a local Reynolds num-

ber of 0:5 � 10
6
and was considered fully turbulent

by 2.0 � 10
6
. The resulting integrated skin-friction

force from the previous assumptions was then non-

dimensionalized by the ideal thrust for that NPR.

This nondimensionalization allowed for comparison

of the estimated internal viscous forces in terms of

thrust ratio numbers.

The 10
�
baseline nozzle has an estimated 0.0095

thrust ratio loss due to internal skin friction down-

stream of the throat as compared with the 10
�

rippled nozzle thrust loss of 0.0182. The higher

skin-friction value appears reasonable as the rippled

nozzle has slightly less than double the internal wet-

ted area of the baseline nozzle. These estimations,

though, account for less than 1/3 of the 3.4-percent

performance loss between the 10
�
baseline and rip-

pled nozzles. The remainder of the di�erence could

be due to shock losses inside the narrow passages of

the ripples or thrust loss due to the exhausting air not

totally �lling the nozzle downstream of the throat.

Estimated Thrust Loss Due to Skin Friction

[Units of F=Fi ]

Con�guration Baseline Rippled

10� 0.0095 0.0182

20� 0.0024 0.0045

30� 0.0010 0.0019

The performance di�erence at NPR = 6 between

the 20
�
baseline and rippled nozzles was approxi-

mately 1.2 percent. Roughly 1/6 of that di�erence

can be attributed to the extra skin friction due to the

ripples.

A 2-percent di�erence in static performance be-

tween the 30
�
baseline and rippled nozzles was ob-

served at NPR = 6 with approximately 0.1 percent

that could be attributed to additional skin-friction

losses due to rippling.

All six nozzles were designed to have a geometric

expansion ratio (�) of 1.48 corresponding to a de-

sign nozzle pressure ratio of 6. The data showed
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that all three baseline nozzles had peak static per-
formance occurring at the design point, as shown in
the thrust ratio curves. (See �g. 7.) The thrust ratio
of the 10� and 20� rippled nozzles peaked closer to
NPR = 7.5 while the 30� rippled nozzle thrust ratio
had not peaked by NPR = 8. Operation of the jet
simulation system for static runs at these throat ar-
eas was generally restricted to nozzle pressure ratios
of less than 8 because of limitations in the air system
mass 
ow at static conditions. A design NPR = 7.5
would correspond to an expansion ratio of 1.65, ap-
proximately 11 percent above the actual geometric
design point.

Several di�erent situations could account for noz-
zle performance peaking at an NPR other than the
design point. For example, if less throat area were
available for useful air 
ow, the e�ective expansion
ratio of the nozzle would be higher than the geo-
metric expansion ratio. The fact that both the base-
line and rippled nozzles had similar discharge co-
e�cient levels over the full range of nozzle pressure
ratios would discount the possibility that the ripples
could have modi�ed the character of the throat. Al-
ternately, the same e�ect would occur if the actual
geometric exit area were to increase due to an oil-

canning deformation from increased internal pressure
forces as NPR increased. The perimeter length of the
rippled nozzle trailing edge is 103.28 cm. De
ect-
ing the perimeter trailing edge 0.043 cm would cause
an 11-percent increase in the exit area of the noz-
zle; however, de
ections to that degree are unlikely
to occur. Therefore, a third situation is postulated.
Within the primary lobes, the local expansion ratio is
higher than the design point of 1.48 and would have
an e�ective design NPR that is greater than 6. Sim-
ilarly, the local expansion ratio within the secondary
lobe region is lower than 1.48 and the e�ective de-
sign NPR would be less than 6. The e�ective nozzle
design expansion ratio could increase slightly if the
in
uence of the primary lobes on the internal 
ow
was greater than that of the secondary lobes. The
higher thrust ratio of the 30� rippled nozzle at low
NPR is probably caused by internal 
ow separation
in the primary lobes which would have more expan-
sion, especially for the short nozzle length created by
the 30� boattail angle.

Nozzle Drag

Figures 8 to 10 show the variation of nozzle drag
coe�cient CD;n with NPR at each Mach number
at � = 0�. Data for each baseline nozzle are com-
pared with the corresponding rippled nozzle. Nozzle
drag coe�cient, composed of pressure, skin-friction,
and wave drag forces, is the di�erence between the

measured balance axial force and the static thrust
of the jet. This drag force is nondimensionalized
by the free-stream dynamic pressure and the max-
imum cross-sectional area of the body. The max-
imum cross-sectional area of the single-engine model
is roughly 10 times smaller than a typical wing area
that is normally used to nondimensionalize aero-
dynamic data (one airplane drag count is equivalent
to 0.0001 in CD). Therefore, nozzle drag coe�cient
levels in this paper are generally an order of magni-
tude greater than drag levels expressed in airplane
drag counts.

The typical variation of nozzle drag with nozzle
pressure ratio has a few characteristic trends. After
the initial transition from jet-o� to jet-on, with the
subsequent drop in nozzle drag below the jet-o� drag
level, nozzle drag typically increases with increasing
NPR settings greater than 2 where 
ow entrainment
is the predominant in
uence of the jet on the exter-
nal nozzle 
ow. As the jet NPR settings are increased
beyond design, plume blockage from the expanding
exhaust 
ow generally causes an increase in the static
pressure near the nozzle trailing edge and thereby re-
duces the pressure drag. With all other drag compo-
nents remaining relatively constant, total nozzle drag
therefore decreases.

The incremental change in nozzle drag coe�cient
with rippling is summarized in �gure 11. These
data show that each rippled nozzle con�guration
generally has higher drag than the respective baseline
nozzle and this drag di�erence was highest from
NPR = 6 to approximately NPR = 8. The nozzle
drag averaged 15 counts for the 10� con�guration
to roughly 100 counts for the 30� con�guration.
The drag di�erence between the baseline and rippled
nozzles increases with increasing boattail angle.

Aeropropulsive Performance With NPR

Thrust-minus-nozzle drag ratio as a function of
NPR is presented in �gures 12 to 14 for all six con-
�gurations. These curves are primarily in
uenced by
the thrust characteristics of the exhaust system and
in the absence of any nozzle drag become the same
as the static thrust curves (or internal performance)
for that nozzle. Also, as NPR is increased, thereby
increasing Fi, the nozzle drag component Dn=Fi be-
comes less signi�cant and the maximum overall force
ratio approaches the level of the static performance.

In general, thrust-minus-nozzle drag ratio de-
creases as free-stream Mach number is increased.
This decrease is primarily due to the increase in
external drag of the nozzle with Mach number.
The subsonic performance for both the baseline
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(�g. 12(a)) and rippled 10� nozzles (�g. 12(b)) were
more closely grouped than the performance curves of
the 20� and 30� nozzles. This close grouping indi-
cates that the nozzle drag of the 10� boattail con�g-
urations were less sensitive to Mach number than the
other two boattail angle con�gurations. Depending
on how nozzle drag varies with NPR, the shape of the
thrust-minus-drag curves can also change. Generally,
internal nozzle performance is independent of Mach
number, and if internal 
ow separation is present in-
side the nozzle, external 
ow e�ects could occur on
nozzle thrust (ref. 10). All internal thrust data above
NPR = 2 should be independent of Mach number.

Aeropropulsive Performance With Mach

Number

Figure 15 summarizes the aeropropulsive perfor-
mance at � = 0 at NPR = 0 and 6. No signi�-
cant di�erence in nozzle drag occurred at the jet-o�
condition and little di�erence occurred at the design
NPR point between the 10� baseline and rippled con-
�gurations (�g. 15(a)). As discussed previously for
the static thrust comparisons, the 10� rippled nozzle
thrust-minus-drag ratio was 3.4 percent below the
baseline nozzle. This thrust di�erence was relatively
constant across the range of Mach numbers tested.
The absence of 
ow separation, which decreases the
expected bene�ts from the rippling of the nozzle, con-
tributed to the similarity in drag performance of the
10� nozzles at the design NPR.

Figure 15(b) is a comparison of the 20� baseline
and rippled nozzles aeropropulsive performance at
� = 0 at NPR = 6. The aeropropulsive performance
loss due to the rippling for the 20� nozzle was approx-
imately 3 percent at Mach 0.6 increasing to a 6 per-
cent loss at M = 0.95. Close to 16 percent in per-
formance was lost due to rippling at Mach 1.2. The
rippled nozzle drag was generally 20 percent higher
than the baseline nozzle drag at the design NPR
operating condition. Compared with the baseline,
the rippled nozzle design had de�cient nozzle aero-
propulsive performance. Flow separation on the ex-
ternal boattail for the 20� nozzle likely occurred
as the free-stream Mach number approached 0.8.
The di�erence between the baseline and rippled noz-
zle thrust-minus-drag curves begins to increase after
M = 0.8 as well. As subsequently shown, the aver-
age static pressure of the rippled nozzles appears to
be lower than the baseline nozzles. This lower static
pressure would contribute to a higher integrated pres-
sure drag for the rippled nozzle. Additionally, the
separation appears to occur either upstream of or
close to the beginning of the nozzle ripples. The ex-
pected boundary layer energizing e�ects of the rip-

ples through generation of cross-
ow surface velocity
components, which would delay the onset of 
ow sep-
aration, has not had a chance to occur.

The 30� rippled nozzle installed performance loss
(�g. 15(c)) varied from 4 percent at M = 0.6 to
11 percent at M = 0.95 and 9 percent at M = 1.2.
The 
ow was likely separated at all conditions for
both the baseline and the rippled nozzle. The rippled
nozzle had either lower or comparable nozzle drag
levels as the baseline nozzle at the jet-o� conditions
while having substantially higher drag levels for the
jet operating at the design NPR. For comparison, the
di�erence in nozzle drag levels for the rippled 10� and
20� con�gurations did not change signi�cantly from
jet-o� to NPR = 6 over the Mach number range.

Figure 16 is a summary of the change in aero-
propulsive performance due to rippling the afterbody
with Mach number. All rippled con�gurations had
losses in performance for all Mach numbers. The
10� and 20� boattail nozzles had comparable losses
in performance at subsonic Mach numbers. The
30� boattail nozzle had an increasing performance
penalty with increasing subsonic Mach number.

Nozzle Internal Static Pressures

Internal static pressure distributions for each noz-
zle are plotted in �gures 17 to 19 for a range of Mach
numbers and NPR at a model angle of attack of zero.
Dashed lines in the plots represent approximate lo-
cation of suspected separated 
ow data.

Baseline Nozzles

Internal static pressure distributions for the base-
line and rippled nozzle con�gurations at M = 0 are
presented in �gures 17 and 18. The divergent 
ap
and sidewall pressure distributions for the baseline
con�gurations are fairly typical for the 2-D C-D class
of nozzles. There appears to be no 
ow separation on
the sidewalls and divergent 
aps for all three nozzles
(�gs. 17(a) to 17(c)) except for the lowest NPR set-
tings of NPR = 2.1. The shock-induced separation
of 
ow from the walls of the nozzle that is typical for
low NPR settings can be noted by the rapid rise in
the static pressure occurring at x=l = 0:8 for the 10�

baseline con�guration (circles in �g. 17(a)) and pro-
gressing upstream to x=l = 0:5 for the 30� baseline
con�guration (circles in �g. 17(c)).

The point of sonic 
ow (p=pt;j = 0:528) on
the sidewall centerline was similarly located for
all baseline con�gurations; note the intersection of
p=pt;j = 0:528 and the static pressure distributions
at x=l near 0.2. The sonic point on the divergent 
ap
moved slightly upstream of x=l = 0:2 for the 20� and
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30� baseline con�gurations, though insu�cient data
exists to verify the exact location of this point. The
additional turning of the 
ow into the throat to ne-
gotiate the extremely large turning angle of the 30�

baseline nozzle likely overaccelerates the 
ow, hence
the short region of compressing 
ow at x=l = 0:3,
before the 
ow reaccelerates to the nozzle exit plane.
A slight reduction in the expansion process can be
noted for the 20� nozzle in the same region.

Rippled Nozzles

Figures 18(a) to 18(c) show internal static pres-
sure distributions along the sidewall, the top of an
internal ripple (hill), and the bottom of an inter-
nal ripple (valley) for the three rippled nozzle con-
�gurations for a range NPR exhausting under static
conditions. The point of 
ow separation from the
sidewall has moved upstream relative to the baseline
nozzle distributions (compare circles of each baseline
con�guration of �g. 17 with the equivalent rippled
con�guration of �g. 18). The 30� boattail rippled
nozzle sidewall 
ow was separated at the two lower
NPR settings for approximately the complete length
of the nozzle downstream of the throat. The slight
divergence of the outermost rippled channel may cre-
ate a more adverse pressure gradient in the vicinity
of the sidewall than what occurs closer to the nozzle
centerline. A slightly higher jet total pressure would
therefore be required for attached 
ow to occur along
the internal sidewalls. Despite some localized di�er-
ences, the general trends and levels of the pressure
distributions in the ripple hill and valley were simi-
lar. As shown in �gure 19, this similarity also holds
for a comparison of the baseline and rippled nozzle
internal pressure distributions for NPR = 6.0.

Nozzle External Static Pressures

External static pressure distributions for each
nozzle are plotted in �gures 20 to 25 for a range
of Mach numbers and NPR at a model angle of
attack of zero. Figure 26 compares the baseline
nozzle centerline pressure coe�cients with pressure
coe�cient distributions along the top of an external
ripple (hill) and the bottom of an external ripple
(valley) of the rippled nozzle for each boattail angle
con�guration.

Baseline Nozzles

The external 
ow for the 10� baseline nozzle ap-
pears to have remained attached at all subsonic Mach
numbers (�gs. 20(a) to 20(d)) and has recovered to
a positive pressure coe�cient by the nozzle trailing

edge. Positive pressure coe�cients on this aft-facing
surface area of the nozzle are bene�cial in reducing
the pressure drag of the nozzle. The 
at pressure co-
e�cient distribution around x=l = 0:5 to x=l = 0:8
at M = 1.2 (�g. 20(e)) indicates a region of pos-
sibly separated 
ow that still recovers, at the higher
NPR conditions, to a static pressure greater than free
stream in the trailing-edge region. A large pressure
rise indicates the presence of a detached shock near
the nozzle trailing edge that moves upstream with
increasing NPR.

The pressure coe�cient distributions for the 20�

baseline nozzle indicate a progressively worsening
pressure recovery at the nozzle trailing edge at
free-stream Mach numbers beyond 0.6 (�gs. 21(a)
to 21(e)). The 
ow is probably separated from the
nozzle external surface downstream of x=l = 0:2 for
free-stream Mach numbers equal to and above 0.9
and possibly atM = 0.8 as well. The slight upturning
of the pressure coe�cient distribution downstream of
x=l = 0:7 in �gures 21(c) to 21(e) is recompression
of the separated 
ow �eld toward the level of the
free-stream static pressure. The 
ow over the 30�

baseline nozzle appears to be separated downstream
of x=l = 0:2 at all free-stream Mach numbers and jet
NPR conditions. (See �g. 22.)

Rippled Nozzles

External pressure coe�cient distributions for the
three rippled nozzle con�gurations are shown in �g-
ures 23 to 25. Similar conclusions can be drawn for
the 10� rippled nozzle con�guration as discussed pre-
viously for the 10� baseline nozzle at subsonic free-
stream Mach numbers. Even at the supersonic free-
stream condition of M = 1.2, the 
ow separation and
pressure recovery trends of the rippled nozzle are sim-
ilar to those observed for the baseline nozzle.

Figure 24 shows the e�ect of NPR on the pressure
distributions of the 20� rippled nozzle. Except for
the jet-o� conditions, little change occurs in the
external pressure coe�cient distributions with NPR
downstream of x=l = 0:4 atM = 0.6 (�g. 24(a)). The
peak 
ow acceleration near x=l = 0:2 does appear
to be in
uenced to some degree by NPR changes.
The e�ects of NPR are more pronounced as the free-
stream Mach number increases. The 
ow appears to
be separated downstream of x=l = 0:4 for the jet-o�
point and possibly separated between x=l = 0:4 and
x=l = 0:7 for NPR = 2.0, as shown by the circles and
squares respectively in �gure 24(b). With subsequent
increases in NPR, the 
ow may remain attached
with a strong recompression trend into the nozzle
trailing-edge region. The 
ow fails to pressurize to
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greater than the free-stream static pressure for the
free-stream Mach numbers above 0.9 at all the NPR
conditions tested. The e�ect of NPR is greatest for
M = 1.2 (�g. 24(e)), where the pressure in both the
hill and the valley gradually decreases from NPR = 2
to the design point of NPR = 6. The pressure then
subsequently increases until the NPR = 15 pressure
distribution is roughly equivalent to the NPR = 2
pressure distribution.

External static pressure coe�cient distributions
for the 30� rippled nozzles are shown in �gures 25(a)
to 25(e). Overall, the lowest level of static pres-
sure occurred near the design NPR at all Mach num-
bers. This level of pressure generally coincides with
the high level of nozzle drag observed previously for
this nozzle for Mach number greater than 0.8. (See
squares in �g. 10.) The variation in the static pres-
sure coe�cient distributions with NPR is more pro-
nounced as free-stream Mach number increases. The
nature of the 
ow in the region of the nozzle trail-
ing edge transitions from being in
uenced by entrain-
ment at NPR's below the design point to being in
u-
enced by exhaust plume blockage at NPR's above the
design point. The static pressure coe�cient distribu-
tions in the valley were similar to those along the
ripple peaks (hill). The separated region of 
ow ap-
pears to have totally encompassed this region of the
nozzle; therefore, approximately the same static pres-
sure was measured in the valley and hill locations.

Comparison of External Static Pressures

Mach = 0.6. External static pressure coe�cient
distributions of each baseline nozzle compared with
the corresponding rippled nozzle at NPR = 6.0 and
� = 0 are shown in �gure 26 for each Mach number
tested. The static pressure coe�cient curves for the
10� boattail con�gurations at M = 0.6 are similar
showing little di�erence in the magnitude of the 
ow
expansion near x=l = 0:2 and the recovery pressure
at the nozzle trailing edge (compare the solid circles
with the open squares and diamonds in �g. 26(a)).

The curve re
ex in the 20� hill pressure distribu-
tion between x=l = 0:3 and x=l = 0:4 is probably due
to a slight physical slope discontinuity in the nozzle
contour. The internal and external ripples start at
the same streamwise location that is coincident with
the internal throat and external circular-arc tangent
point axial locations, as discussed previously for �g-
ure 5. The geometries of the nozzles upstream of
this point are identical between the baseline and rip-
pled con�gurations. The external circular-arc and
straight-line intersection point is tangent only for the
baseline nozzles. Consequently, the hill and valley

contours are slightly above and below the baseline
contour when viewing the baseline pro�le imposed
on the ripple pro�les, respectively. All three 20� con-
�guration distributions recovered to nearly the same
positive pressure coe�cient at the trailing edge.

As mentioned previously, the 30� boattail nozzle
experienced external 
ow separation at all wind-on
conditions. The baseline nozzle had a higher average
static pressure from about x=l = 0:4 to x=l = 0:7.
Although the rippled nozzle valley pressure recovery
exceeded the baseline nozzle downstream of x=l = 0:7
and the rippled nozzle hill pressure recovery matched
the baseline nozzle by x=l = 0:9, the 30� rippled
nozzle drag was still higher than the baseline nozzle
drag. (See �g. 11(c).) The di�erence between the
hill and valley distributions downstream of x=l = 0:5
is much more pronounced for the 30� con�guration
than for the 10� or 20� con�gurations. This di�erence
can be attributed to the greater streamwise terminal
boattail angle of the valley contour compared with
the hill contour.

Mach = 0.8. The results of the comparison
of the baseline nozzle with rippled nozzle pres-
sure distributions for the 10� boattail nozzle were
not signi�cantly di�erent at M = 0.8 than at
M = 0.6. The 
ow over the 20� boattail nozzle pos-
sibly has a region of separated 
ow as evidenced by
the greatly diminished negative pressure coe�cient
peak at x=l = 0:2 (compare with the pressure co-
e�cient distribution at M = 0.6). Attached 
ow ac-
celerates strongly around the initial closure of the
nozzle and this typically results in a relatively high
negative pressure coe�cient around x=l = 0:1 to 0.2.
Though insu�cient pressure data were obtained, the

ow likely has a shock-induced separation at or just
upstream of x=l = 0:2. Results obtained for the 30�

boattail nozzle at M = 0.8 were similar to those dis-
cussed previously for the nozzle at M = 0.6.

Mach = 0.9 and 0.95. The 10� con�gurations
show little di�erence at a free-stream Mach num-
ber of 0.9 (�g. 26(c)). Both 20� nozzles appear to
be separated by M = 0.9. The rippled nozzle hill

ow compresses slightly more than the baseline noz-
zle 
ow upstream of x=l = 0:4 and expands slightly
more than the baseline 
ow downstream of x=l = 0:4.
However, the valley pressure distribution is not sig-
ni�cantly di�erent from that of the baseline. The 30�

baseline and rippled con�gurations appear to be sep-
arated with the average static pressure of the rippled
con�guration lower than the baseline.

Mach = 1.20. As discussed previously, the di�er-
ences between the external pressure distributions of
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the baseline and rippled nozzle con�gurations for the
10� boattail are fairly small even at a free-stream
Mach number of 1.2 (�g. 26(e)). A comparison of
the 20� boattail nozzle pressure distributions show,
in general, lower static pressure coe�cients along the
full length of the rippled con�guration than along the
baseline con�guration. Similar levels of static pres-
sure coe�cients were not attained on the 20� boattail
rippled nozzle unless the NPR was either very low
(i.e., NPR = 2.0) or very high (i.e., NPR = 15.0).
The 
ow over both of the 30� boattail con�gurations
appears to be separated at M = 1.2 with no bene�t
being derived from the rippling of the nozzle.

Concluding Remarks

An experimental investigation was performed to
determine the e�ects of external and internal rippling
on the aerodynamics of a nonaxisymmetric nozzle.
Data were obtained at several Mach numbers from
static conditions to 1.2 over a range of nozzle pressure
ratios (NPR's). Nozzles with chordal boattail angles
of 10�, 20�, and 30� with and without surface rippling
were tested. The results are as follows:

1. Rippling nonaxisymmetric nozzle divergent 
aps
downstream of the throat had little or no e�ect
on the internal mass-
ow characteristics of the
nozzle.

2. The static thrust ratio of each rippled nozzle var-
ied from �1 to �3 percent less than the equiva-
lent baseline nozzle con�guration. Typically, less
than �1/3 of the di�erence in thrust could be at-
tributed to additional skin-friction drag due to the
additional internal surface area from the rippling
of the nozzles.

3. The nozzle drag was generally less for the baseline
con�gurations than for the rippled con�gurations
at all free-stream Mach numbers tested, and the
nozzle drag averaged 15 counts for the 10� con-
�guration to roughly 100 counts for the 30� con-
�guration. The di�erence between the drag levels
for the baseline and rippled nozzle increased with
increasing boattail angle.

4. Extensive external 
ow separation was indicated
for nozzles that have boattail angles of �20� and
�30�. This separation may have occurred at or
upstream of the start of the nozzle ripples, thus
precluding any potential bene�ts from the rippled
surfaces.

The occurrence of the external 
ow separation up-
stream of the ripples indicates that the �rst area of

attention for the redesign of the rippled afterbody
should be advancing the start of the rippling up-
stream of the start of the nozzle closure and 
ow
separation. Other considerations should be to de-
sign for a larger number of primary lobes of lower
height to possibly work more in the boundary layer
of the external 
ow as well as to delay the start of
the internal ripples to attempt to decrease the inter-
nal performance losses.

NASA Langley Research Center

Hampton, VA 23681-0001

March 8, 1994
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Table 1. Static and Aeropropulsive Characteristics for 10� Baseline Nozzle

(a) Static performance

(b) Aeropropulsive characteristics

Table 1. Concluded

(b) Concluded

Table 2. Static and Aeropropulsive Characteristics for 10� Rippled Nozzle

(a) Static performance

(b) Aeropropulsive characteristics

Table 2. Concluded

(b) Concluded

Table 3. Static and Aeropropulsive Characteristics for 20� Baseline Nozzle

(a) Static performance

(b) Aeropropulsive characteristics

Table 3. Concluded

(b) Concluded

Table 4. Static and Aeropropulsive Characteristics for 20� Rippled Nozzle

(a) Static performance

(b) Aeropropulsive characteristics

Table 4. Concluded

(b) Concluded

Table 5. Static and Aeropropulsive Characteristics for 30� Baseline Nozzle

(a) Static performance

(b) Aeropropulsive characteristics

Table 5. Concluded

(b) Concluded

Table 6. Static and Aeropropulsive Characteristics for 30� Rippled Nozzle

(a) Static performance

(b) Aeropropulsive characteristics
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Table 6. Concluded

(b) Concluded

Table 7. Nozzle Internal Static Pressure Ratios p=pt;j for 10
� Baseline Nozzle With M = 0

(a) Bottom 
ap internal static pressure ratios

(b) Sidewall internal static pressure ratios

Table 8. Nozzle Internal Static Pressure Ratios p=pt;j for 10
� Rippled Nozzle With M = 0

(a) Bottom 
ap internal static pressure ratios

Hill

Valley

(b) Sidewall internal static pressure ratios

Table 9. Nozzle Internal Static Pressure Ratios p=pt;j for 20� Baseline Nozzle With M = 0

(a) Bottom 
ap internal static pressure ratios

(b) Sidewall internal static pressure ratios

Table 10. Nozzle Internal Static Pressure Ratios p=pt;j for 20
� Rippled Nozzle With M = 0

(a) Bottom 
ap internal static pressure ratios

Hill

Valley

(b) Sidewall internal static pressure ratios

Table 11. Nozzle Internal Static Pressure Ratios p=pt;j for 30� Baseline Nozzle With M = 0

(a) Bottom 
ap internal static pressure ratios

(b) Sidewall internal static pressure ratios

Table 12. Nozzle Internal Static Pressure Ratios p=pt;j for 30
� Rippled Nozzle With M = 0
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(b) Sidewall internal static pressure ratios

Table 13. Nozzle External Pressure Coe�cient Distributions Cp;n for 10� Baseline Nozzle

Table 13. Concluded
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(a) Nose-forebody section with equations and table de�ning external geometry.

Figure 2. External geometry of nose-forebody section. All dimensions are in centimeters unless otherwise noted.

(c) Transition section with equations and table de�ning the internal geometry.

Figure 2. Concluded.

(a) Lower-quarter view of 30� rippled nozzle installed on model.

(b) Side-oblique view of 10� rippled nozzle installed on model.

Figure 6. Photographs of wind tunnel model.

L-92-00579

L-92-00668

L-91-11028

L-91-11031

(c) 30� baseline and rippled nozzles.

(d) 10� baseline and rippled nozzles.

Figure 6. Concluded.

(a) 10� nozzles.

(b) 20� nozzles.

Figure 7. Nozzle static performance.

(c) 30� nozzles.

Figure 7. Concluded.

(a) M = 0.60 to 0.90.

Figure 8. Variation of nozzle drag coe�cient with NPR for 10� nozzles at � = 0�.

(b) M = 0.95 and 1.20.

Figure 8. Concluded.

(a) M = 0.60 to 0.90.

Figure 9. Variation of nozzle drag coe�cient with NPR for 20� nozzles at � = 0�.

(b) M = 0.95 and 1.20.

Figure 9. Concluded.



(a) M = 0.60 to 0.90.

Figure 10. Variation of nozzle drag coe�cient with NPR for 30� nozzles at � = 0�.

(b) M = 0.95 and 1.20.

Figure 10. Concluded.

(a) 10� baseline nozzle.

(b) 10� rippled nozzle.

Figure 12. Variation of thrust-minus-drag ratio with NPR for 10� nozzles at � = 0�.

(a) 20� baseline nozzle.

(b) 20� rippled nozzle.

Figure 13. Variation of thrust-minus-drag ratio with NPR for 20� nozzles at � = 0�.

(a) 30� baseline nozzle.

(b) 30� rippled nozzle.

Figure 14. Variation of thrust-minus-drag ratio with NPR for 30� nozzles at � = 0�.

(a) 10� nozzles.

Figure 15. Summary of nozzle aeropropulsive performance characteristics with � = 0�.

(b) 20� nozzles.

Figure 15. Continued.

(c) 30� nozzles.

Figure 15. Concluded.

(a) 10� baseline nozzle.

(b) 20� baseline nozzles.

Figure 17. E�ect of NPR on internal static pressure distributions of baseline nozzles with M = 0.

(c) 30� baseline nozzles.

Figure 17. Concluded.

(a) 10� rippled nozzle.

Figure 18. E�ect of NPR on internal static pressure distributions of the rippled nozzles with M = 0.

(b) 20� rippled nozzle.

Figure 18. Continued.



(c) 30� rippled nozzle.

Figure 18. Concluded.

(a) 10� nozzle boattail.

(b) 20� nozzle boattail.

Figure 19. Baseline and rippled nozzle internal pressure distributions at nominal NPR = 6.0 and M = 0.

(c) 30� nozzle boattail.

Figure 19. Concluded.

(a) Mach = 0.60.

(b) Mach = 0.80.

Figure 20. Nozzle pressure coe�cient distributions for the 10� baseline nozzle at � = 0�.

(c) Mach = 0.90.

(d) Mach = 0.95.

Figure 20. Continued.

(e) Mach = 1.20.

Figure 20. Concluded.
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Figure 1. Air-powered nacelle model with nonaxisymmetric nozzle installed. All dimensions are in centimeters
unless otherwise noted.
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y'(x') = r'(x') cos θ z'(x') = r'(x') sin θ

r'(x') = 

-1/η(x')

+

y'
θ

z'

r'

cos θ    η(x')

a(x') 
sin θ    η(x')

b (x')

(b) Superellipse cross section at constant value of x0, looking upstream.

Figure 2. Continued.
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(a) Baseline nozzles.

Figure 3. Static-pressure ori�ce locations. (Filled circles denote ori�ce location.) All dimensions are in
centimeters unless otherwise noted.
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Figure 3. Concluded.
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MS 139.83
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(a) Sketch of upper half of 20� baseline nozzle.
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(b) Sketch of upper half of 20� baseline nozzle.

Figure 4. Description of baseline nozzle geometries. All dimensions are in centimeters unless otherwise noted.
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Figure 5. Description of rippled nozzle geometries.
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(b) Oblique sketch of rippled nozzle geometry showing details of sidewall lobe at exit plane.
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(c) Lobe parameters at nozzle trailing edge, reproduced from reference 2.

Figure 5. Concluded.
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Figure 11. Increment in nozzle CD;n due to nozzle ripple contours.
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Figure 16. Increment in installed performance due to rippled contours.
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